Abstract-The future (third-generation) mobile communications system will provide not only voice and low-speed data services, but also video and high-speed data services. It will eventually have the capability for wireless multimedia communications. As a radio-access technique for such a system, the code-division multiple access (CDMA) has been considered in many potential third-generation systems including CODIT [12] and the proposal in [14] .
I. INTRODUCTION
T HE CODE-DIVISION multiple access (CDMA) has attracted many researchers' attention as one of the most promising techniques for radio access in current and future wireless communications systems. Recently, the directsequence CDMA (DS/CDMA) systems for cellular mobile and personal communications services (CMS/PCS's) have been developed, and the commercial CDMA services have been launched. These CMS and PCS systems are based on IS-95 [1] and J-STD-008 [2] standards, respectively. IS-95 defines an air interface of CDMA CMS systems operating at the 800-900-MHz band. J-STD-008 specifies an air interface of CDMA PCS systems, which is an upbanded version of IS-95, operating at the 1.8-2.0-GHz band. The characteristics of CDMA systems based on IS-95 and J-STD-008 are: 1) spreading bandwidth of 1.25 MHz; 2) maximum data rate of 9.6 kbps [1] (or 14.4 kbps [2] ); and 3) major traffic in the systems is voice although they can also be used for data communications [3] , [4] .
However, the future mobile communications systems will provide not only voice and low-speed data services, but also video and high-speed data services [5] , [6] . Furthermore, the systems will have the capability for wireless multimedia communications. To support those services, the systems should guarantee higher data transmission capacity at a radio interface and higher data rate for each user up to several megabits per second. A number of system concepts have been studied and suggested for the future (so-called third-generation) mobile systems. Examples are the universal mobile telecommunications systems (UMTS's) [7] - [9] in Europe and the international mobile telecommunications-2000/future public land mobile telecommunication systems (IMT-2000/FPLMTS's) [10] of the International Telecommunication Union (ITU).
When CDMA is considered as a radio-access technique for the advanced systems, to support high data rate, a wideband CDMA system is required [11] . In addition, to deal with various types of traffic generated from multimedia services, a "multiband CDMA system, " in which there exist multiple kinds of spreading bandwidth corresponding to traffic types, respectively, seems to be an appropriate way to implement an open and flexible radio interface [12] .
On the other hand, radio spectrum is a limited resource, and, in general, a regulatory body restricts the frequency allocated to a network operator. Therefore, to use the frequency bands in a manner that the bands are separated mutually exclusively for different spreading bandwidths may be inefficient in a multiband system. To overcome this difficulty, spectrally overlaid CDMA systems are considered. Fig. 1 shows the concept of frequency and power allocation in a spectrally overlaid multiband CDMA (SOM-CDMA) system. By the reasons discussed above, most of the wide-band CDMA proposals for future mobile communications systems embody the concept of SOM-CDMA. Examples include the radio interface of the code-division testbed (CODIT) [12] , [13] for UMTS and the wide-band CDMA proposed in [14] . When we adopt SOM-CDMA, the questions from the viewpoint of a network designer and/or operator are: how much capacity the SOM-CDMA has and how we can achieve an optimal allocation of frequency and power. In this paper, we try to get answers to these questions.
In [15] , we have suggested a spectrally overlaid narrow-and wide-band CDMA (N/W CDMA) system as a means of network evolution from an existing narrow-band CDMA to a fu-0018-9545/98$10.00 © 1998 IEEE ture wide-band CDMA. The reverse-link (from mobile to base) and forward-link (from base to mobile) capacity of the system are, respectively, analyzed in [15] and [16] . The N/W CDMA also can be regarded as a kind of SOM-CDMA having two different spreading bandwidths (for instance, 1.25 and 10 MHz). However, the major proposals for third-generation mobile communications systems with SOM-CDMA concept adopt three different spreading bandwidth (e.g., 1, 5, and 20 MHz). As a result, we cannot use the results in [15] and [16] to estimate the capacity of those proposals, e.g., CODIT. In this paper, thus, we generalize the results in [15] and analyze the performance of such an SOM-CDMA system. Since the capacity of CDMA cellular system is limited by the reverse link in many cases, we also focus on the reverse link as in [17] - [19] .
The remainder of this paper is organized as follows. The next section describes the system model of SOM-CDMA. Section III analyzes the reverse-link capacity of the SOM-CDMA system. Section IV presents some numerical results and discusses the property of an SOM-CDMA system, including an optimal allocation of frequency and power. Finally, the paper is concluded with Section V.
II. SYSTEM MODEL
We consider an SOM-CDMA system with three different spreading bandwidths, utilizing the DS/CDMA technique for each spreading bandwidth. This SOM-CDMA system can be regarded as a combination of three kinds of (sub)systems which use the three different spreading bandwidths, respectively. Let us call the subsystem that uses the narrowest bandwidth the "narrow-band CDMA (N-CDMA) system." Similarly, let us call the other subsystems the "medium-band CDMA (M-CDMA) system" and "wide-band CDMA (W-CDMA) system," respectively. Hereafter, we will use notations according to the following manner: when and are used as either superscripts or subscripts, they will denote N-, M-, and W-CDMA, respectively. For example, and denote the spreading bandwidths of N-, M-, and W-CDMA systems, respectively.
The system model under consideration is as follows. 3) The cell sites of N-, M-, and W-CDMA systems are collocated at the same location. 4) All the CDMA systems control reverse-link power perfectly.
III. REVERSE-LINK CAPACITY
The capacity of a cellular system is usually defined as the number of active users in a cell who enjoy an acceptable level of transmission quality. However, the number of users can be a meaningful measure only when all users generate the same characteristics of traffic. Unfortunately, this is not the case under a real situation of SOM-CDMA because: 1) the data rates from various traffic sources (e.g., voice, data, video, etc.) differ from each other. As a result, the data rates of users differ from each other and 2) although we can reasonably assume all voice users have the same value of the voice activity factor, it is not the case for data users since the data users have very different values of data activity factor according to application. Thus, we take the time-averaging data rate as a measure of capacity estimation. For instance, if a user transmits voice (data) traffic with rate and if its voice (data) activity factor equals , the time-averaging data rate of the user is regarded as . Hereafter, for convenience, the terminology "data rate" means "time-averaging data rate" if there is no confusion. Furthermore, we will use the aggregate data rate in the cell, i.e., the system throughput, as a performance measure.
Let us assume that a DS/CDMA system processes information bits at a data rate with a spreading bandwidth . Let denote the bit energy of the received signal. denotes the spectral density of "noise" (in a wide sense), which consists of background noise and interference from the other transmitters. Since the power of background noise is much lower than the interference power, we ignore it hereafter.
2 Note that the Appendix shows that the numerical results obtained under this assumption can be applied easily for the case where the background noise is taken account.
Thus, in this paper denotes the spectral density of interference signal from the other transmitters. Then, the bit energy-to-noise density ratio is expressed as [21] (
where and denote the desired signal power, interfering power, and processing gain, respectively. Since the processing gain is generally greater than one to overcome in the DS/CDMA system, is always greater than [21] , [17] .
The total interference power at a cell site receiver of the N-CDMA (M-CDMA or W-CDMA) system consists of the interference from the users assigned to the same system and that from the users assigned to the other system. For an accurate capacity derivation, we have to consider the other cell interference. In an SOM-CDMA system with three different spreading bandwidths, however, such a derivation is almost untraceable because of too many interference terms in expressions. Thus, we consider an isolated cell model. 3 The analysis approach is similar to the methodology used in [15] and [18] : 1) calculate the noise spectral density to the received signal from each user and 2) find the aggregate data rates of N-, M-, and W-CDMA, which satisfy the requirement that the bit energy-to-noise density ratio of each received signal should be greater than or equal to a certain target value to maintain adequate transmission quality.
When calculating the noise spectral density, the overlay pattern of active N-and M-FA's plays an important role. Fig. 1(a) , there is one M-FA , one M-FA , one M-FA , three N-FA 's, two N-FA 's, and five N-FA 's. As another example, in Fig. 1(f) , there are two M-FA 's and ten N-FA 's. We define the "spectrum overlay pattern" as the set of parameters , where number of N-FA's within an M-FA, i.e., (e.g., in Fig. 1) ; number of active N-FA's [e.g., in Fig. 1 (a) and in Fig. 1(d) ]; number of active M-FA's [e.g., in Fig. 1 (a) and in Fig. 1(d) ]; number of M-FA 's where [e.g., and
in Fig. 1(a) and and in Fig. 1(f) ]. We assume that all users belonging to the -CDMA (sub)system, where , have the same data rate and require the same bit energy-to-noise density ratio to maintain adequate transmission quality . It is noted that in the DS/CDMA, is used as the reverse-link power control threshold.
We assume: 1) the W-CDMA system supports users; 2) all M-FA 's for an arbitrary support an equal number of users . However, is not equal to usually if ; and 3) all N-FA 's for an arbitrary support another equal number of users . However, is not equal to usually if , and we introduce additional notations: 4 bit energy of received signal by a W-CDMA receiver; bit energy of received signal by an M-CDMA receiver using an M-FA , where ; bit energy of received signal by an N-CDMA receiver using an N-FA , where .
A. Capacity Model
The noise spectral density of W-CDMA user's despread signal consists of the interference from W-, M-, and N-CDMA users. 5 The interference contributed by M-CDMA (N-CDMA) users utilizing an M-FA (N-FA) is forced only a portion of the entire bandwidth, i.e., . Thus
4 It is noted that, according to the above-mentioned assumptions, the power distribution illustrated in Fig. 1 is not correct. Instead, for example, all M-FA i 's (for arbitrary i) have an equal total power. Thus, from now on, Fig. 1 will be used to exemplify only the spectrum overlay patterns. 5 For mathematical tractability, the multiple-access interference is usually approximated as a Gaussian noise [17] - [19] . In this paper, we also treat Nw as an additive Gaussian noise.
where denotes the number of active M-FA's not overlaid with N-CDMA (i.e., ) and denotes the number of active N-FA's not overlaid with M-CDMA (i.e.,
). Note that we approximate, for the purpose of simplicity, as in (2) (i.e., using instead of ) since is much smaller than the other terms. We will also use this type of approximation for (3) and (4) .
On the other hand, the noise spectral density of the M-CDMA user's despread signal, which utilizes an M-FA , , is as follows:
The noise spectral density of N-CDMA user's despread signal, which utilizes an N-FA , , is given by for
where denotes an indication function of which the value is one if the statement is true, otherwise, it is zero.
To maintain adequate transmission quality of W-CDMA users, the following condition should be satisfied:
Substituting (5) with (2) (6) where and . It is noted that the implication of (or ) is the aggregate data rate, and it is used as a measure of capacity. Specifically, is the aggregate data rate of whole W-CDMA users in the cell.
Similarly, for the reliable communication of users utilizing an M-FA (7) In order to satisfy an N-CDMA user utilizing an N-FA (8) From (6)- (8), and (for all ) satisfy the relation given by (9) , at the bottom of the next page, where (10) (11) The inequality (9) gives network designers a guideline on the distribution of resources (i.e., frequency and power) between W-, M-, and N-CDMA (sub)systems in an SOM-CDMA system. The equality in (9) implies the capacity boundary of SOM-CDMA system.
At this point, we would like to mention a little more about the resource distribution in an SOM-CDMA. Since the W-CDMA will be used mainly to support the services requiring very high data rate (for example, over hundreds of kilobits per second per user), there may not be many W-CDMA channels. However, an SOM-CDMA network should prepare, at least, a minimum number of W-CDMA channels to guarantee the required quality of services (QOS), e.g., blocking probability. Thus, in the introduction phase of SOM-CDMA, the resource allocated to W-CDMA will be a given condition from the minimum QOS requirement. On the other hand, since the M-and N-CDMA users have relatively low data rate, there can be many more channels for the both CDMA systems than those for the W-CDMA system. Considering that the channel trunking effect gets higher as the total number of channels increases, we can expect there is flexibility in resource allocation between M-and N-CDMA systems with guaranteeing the required QOS. The above-mentioned resource distribution problem can be formulated as follows: for a given , finding an allocation of and , which maximizes the (system-wide) aggregate data rate, where and are row vectors. For a system, the relation between and is given by (9) . For a given , the maximum point in the dimensional space can be found by a numerical method. Let and . Then, the implication of is the aggregate data rate of whole M-CDMA (N-CDMA) users in the cell.
B. Special Case I: Full Assignment of Medium-and Narrow-Band FA's
Let us consider a special case of SOM-CDMA system where all the M-and N-FA's are active FA's. That is, the W-, M-, and N-CDMA systems are fully overlaid as shown in Fig. 1(c) . In this case, since and for all and . Hence, (9) can be simplified as (12) 
C. Special Case II: A Mutual Exclusion of Medium-and Narrow-Band FA's
We examine another special case of SOM-CDMA system where the M-and N-CDMA system are not spectrally overlaid. That is, the active M-FA's and N-FA's are located mutually exclusively. Examples of such a system are shown in Fig. 1(d) and (e). In this case, since for all and . Thus, (9) can be simplified as (13) For this simple case, we can find a point in the plane, which maximizes the value of for a given , as a closed form. For a given , the right side of (13) can be considered as a function of , i.e., . By taking such that , we have the maximum point as in (14) where
In addition, from (14) to (18), we have the trajectory of the maximum point in the plane for various values of (9) 
IV. NUMERICAL EXAMPLES
Although the results in the previous section can be applied any SOM-CDMA systems, we consider in this section the spreading bandwidths based on the CODIT system in order to see a practical example. In CODIT systems, three different spreading bandwidths are used:
MHz, MHz, and MHz, thus, .
A. Special Case I
We first investigate some numerical results for the case of "full assignment" of M-FA's and N-FA's, that is, all M-FA's and N-FA's are active FA's [Special Case I as shown in Fig. 1(c) ]. Fig. 2 illustrates the bounds of capacity regions of the SOM-CDMA system and capacity tradeoffs between Mand N-CDMA (i.e., and ) for given 's. The graphs in Fig. 2, given by (12) , can be interpreted as follows: for example, let us consider a system in which there are ten W-CDMA users with raw data rate of kbps and data activity factor of . This is the case of Mbps. If dB, the bound of joint capacity of is given by the thick-dashed line in Fig. 2 . In the figure, if (for instance, 7 dB, see thin-dashed and thin-dotted lines in Fig. 2) , the system-wide aggregate data rate in the cell is constant (4 Mbps) for any combination of . When , the more resource (power) allocated to the M-CDMA system (that is, the larger ) is, the higher we can achieve. In this point of view, when can be maximized. However, in an SOM-CDMA system, the N-CDMA should provide somewhat low-cost and low-datarate services (e.g., voice-only service) in general. To fulfill the minimum demand for these services, under a real environment.
B. Special Case II
For the case of mutual exclusion of M-FA's and N-FA's (Special Case II), we consider a spectrum overlay pattern that and , as exemplified in Fig. 1(d) . Fig. 3 illustrates bounds of capacity regions and capacity tradeoffs between M-and N-CDMA for given 's, which are given by (13) . In general, since a wider band CDMA has a more powerful antimultipath capability at indoor and outdoor environments. 6 Thus, the case dB and dB is not practical, but we include it for the purpose of comparison.
Curves in the figure show that the increase in causes only a marginal decrease in when is lower than a certain value (for instance, about 2700 kbps for the solid line). After that point, decreases drastically according to the increase in . The reason can be explained as follows. Since active M-FA's and N-FA's are mutually exclusive, there is no direct correlation between M-and N-CDMA subsystems, which can affect their capacity. However, there is indirect influence between M-and N-CDMA through the W-CDMA subsystem as mentioned before, and we can easily suppose that the influence will become higher as the resource (power) assigned to the W-CDMA increase. In Fig. 3 , since the resource allocated to the W-CDMA system is low ( Mbps), the influence through W-CDMA is small. As a result, the capacity of the M-CDMA subsystem is relatively independent to that of N-CDMA subsystem and vice versa.
The above discussion is confirmed more clearly from Fig. 4 . The figure shows that the bounds of capacity for various values of and . Observe the curves corresponding to and dB, which are depicted by solid and dashed lines, respectively. The larger value of means the higher correlation between N-and M-CDMA through W-CDMA. As a result, when , the capacities of N-and M-CDMA are perfectly independent to each other. The shape of capacity curve becomes more smooth as increases. From the above observation, the point in the plane, which maximizes the entire system capacity , can be derived easily by intuition: that will be the point after which decreases drastically as increases. Mathematically, this maximum point is given by (14)- (18) and depicted in Fig. 4 as the intersection point between a thick straight line and a curved line. It is also noted that each thick straight line is the Fig. 5 . General Case. Bounds of capacity regions and tradeoffs for two spectrum overlay patterns which are exemplified in Fig. 1(a) and (b). w = m = 5 dB and n = 7 dB. Fig. 6 . Comparison between three spectrum overlay patterns with f m = 2 and f n = 10, which are exemplified in Fig. 1(b) , (e), and (f). An overlay pattern with fm = 4 and fn = 20, which are exemplified in Fig. 1(c) , is also included. w = m = 5 dB, n = 7 dB, and R t w = 2 Mbps.
trajectory of the maximum point according to various values of , given by (19) .
C. General Case
For general cases, we demonstrate the results for two spectrum overlay patterns: the first one is and as exemplified in Fig. 1(a) . The second one is and as exemplified in Fig. 1(b) . Fig. 5 shows the capacity tradeoffs. The results in Fig. 5 , which are given by (9) , are obtained by using numerical method. Let us examine the case of the second overlay pattern. The curve has similar characteristics to those for Special Case II when is small. This is not surprising since the overlay patterns in Fig. 1 To inspect the relation between capacities of Special Cases I and II and the General Case, let us consider the overlay patterns in Fig. 1(b) , (e), and (f). The common characteristics of them are and . The capacity tradeoffs are plotted in Fig. 6 . For the purpose of comparison, the overlay pattern of and , which are exemplified in Fig. 1(c) , is also included.
For the systems , when we arrange FA's according to Special Case II (the mutual exclusion of M-FA's and N-FA's), the capacity becomes highest among all possible overlay patterns. Thus, the dashed curve in Fig. 6 illustrates the upper bound of capacity of the system , and the maximum value of in such an overlay pattern equals that of the system , i.e., full assignment of M-FA's and N-FA's (Special Case I). The maximum point is depicted in Fig. 6 as the point at which the dashed curve contacts with the solid straight line. On the other hand, the lower bound capacity of the system is given by the "total overlay" of M-FA's and N-FA's [as exemplified in Fig. 1(f) ], which is depicted by dotted line in Fig. 6 . For the general cases of overlay pattern, the capacity bounds are laid between the upper and lower bound mentioned above.
In summary, for a given , the mutual exclusion of M-FA's and N-FA's is the best overlay pattern from the view of capacity, whereas the total overlay of M-FA's and N-FA's is the worst one. However, it should be noted that the spectrum overlay pattern has to be determined, considering not only capacity, but also many other factors including the demand for services using specific FA's in a specific area.
V. CONCLUSION
We have suggested a capacity model of SOM-CDMA systems and shown some numerical examples with discussion. The results show that the system capacity depends heavily on the spectrum overlay pattern (specifically, between M-FA's and N-FA's). The full assignment of M-FA's and N-FA's (Special Case I) is the best way from the viewpoint of capacity. If it is impossible, mutual exclusion of M-FA's and N-FA's (Special Case II) is the second best one. However, in the real environment of SOM-CDMA systems, the radio networks are designed with many given restrictions including specific service requirement in a specific area, which needs, in turn, a specific spreading bandwidth or FA. For the given restrictions, our results can be used to determine the spectrum overlay pattern which maximizes system capacity. Thus, network designers/operators can use the results in this paper as a guideline in designing the radio network of SOM-CDMA systems as well as a means to assess the performance of given systems. Finally, it is noted that these results can be applied widely since many CDMA proposals for the third-generation mobile communications systems adopt SOM-CDMA concept.
APPENDIX
To consider the effect of background noise, let (20) where denotes the density of interfering signal power and is background noise density at the respective CDMA receivers. Then, the transmission quality requirement used in this paper, , implies
If we assume as in [19] and [20] (22) Therefore, the numerical results shown in this paper are equivalent to those for the cases where the background noise is taken into account and the required bit energy-to-noise density ratio is, respectively, given by 0.414 (in decibels).
